Abstract. In the face of increasing resistance to the existing antibiotics, oxazolidinones (exemplified by linezolid) have been developed as promising antibacterial agents, but may have other useful actions. In the present study, a series of 5-(1H-1,2,3-triazoly) l-methyl-, 5-acetamidomethyl-morpholino and N-substituted-piperazino oxazolidinone derivatives were investigated to determine whether they are active against eukaryotic cells. An MTT assay, validated by cell counting, was used to assess the effect of nine oxazolidinone derivatives (concentrations 100 nM-10 µM) on the proliferation of MCF7 human breast cancer cells. The three most active compounds were then tested on MDA231 breast cancer cells. Cytotoxicity of the selected derivatives was determined by assessing the extent of apoptosis by flow cytometry. The antimetastatic potential of these compounds was assessed on MDA231 cells using wound healing and agarose invasion assays. The 5-triazolylmethyl piperazino-oxazolidinone derivatives containing 4-N-(2-chlorocinnamoyl), 4-N-(4-nitrobenzoyl) and 4-N-methylsulfonyl moieties exhibited the most potent cytostatic activity against cancer, inhibiting proliferation by up to 70%, in the same order as their reported antibacterial activity against Staphylococcus aureus, but at higher concentrations. Unexpectedly, several derivatives stimulated proliferation at 100 nM, well below their antibacterial minimum inhibitory concentrations. Certain compounds also retarded the motility and invasion of MDA231 cells. Three of the tested derivatives had no effect on the eukaryotic cell lines, demonstrating their preferential activity against bacteria. Two compounds actually stimulated eukaryotic cell proliferation. The remaining three exhibited potent cytostatic activity against and cancer cells, displaying differences in response at low and high concentrations, which may suggest multiple targets on eukaryotic cells. These latter compounds may be useful as anticancer agents.
Introduction
Oxazolidinones are synthetic heterocyclic compounds demonstrating antimicrobial properties against resistant Gram-positive pathogenic bacteria and Mycobacterium tuberculosis. Furazolidone 1 (Fig. 1) , a synthetic nitrofuran oxazolidinone was the first described member of this class of compounds with antimicrobial activity targeting bacterial DNA. However, several studies on other oxazolidinone derivatives have also presented data indicating diverse biological activities, such as anticancer, anticoagulant, antithyroid and central nervous system effects, as well as inhibition of monoamine oxidases (1) (2) (3) (4) . A recent study by Sun et al (5) , reported that furazolidone induced S phase cell cycle arrest, suppressed cell growth, increased phosphorylated p38 (p-p38) activity and decreased the activity of phosphorylated c-Jun N-terminal protein kinase in HepG2 human hepatoblastoma cells. Furthermore, another study (2) demonstrated antileukemic properties of furazolidone in acute myeloid leukemia cells in vitro, through increased stability of tumor suppressor p53 protein. Furazolidone has also been reported to induce genotoxicity and carcinogenicity in certain cell types (6) . In addition, other oxazolidinone derivatives ( Fig. 1) , namely 2 (BAY a 5830) (7), the 2-nitro-1H-imidazol-1-yl oxazolidinone 3 (1) , and chloroquinoline oxazolidinone 4 have been shown to exhibit anticancer properties (8) . More recently, Naresh et al (9) reported the activity of cytoxazone-linezolid hybrid oxazolidinone derivatives exemplified by 5 ( Fig. 1 ) against DU145 prostate and A549 lung cancer cell lines.
Linezolid 6 ( Fig. 1 ) is a totally synthetic oxazolidinone with efficacy against Gram-positive bacteria, including multidrug-resistant strains, namely methicillin-resistant Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus pneumoniae (PRSP) and vancomycin-resistant enteroccoci (VRE) (10, 11) . Generally, oxazolidinones, including linezolid, inhibit bacterial ribosomal protein biosynthesis with virtually no effect on DNA and RNA synthesis (12, 13) . Other studies (14, 15) have shown that this class of compounds bind to the 50S ribosomal subunit, in particular to the A-site. As a consequence, oxazolidinones have been suggested to possess the ability to bind mitochondrial ribosomes, leading to inhibition of mammalian mitochondrial protein synthesis, which could translate to drug toxicity in humans (16, 17) . In addition, antibacterial agents of the oxazolidinone class also cause undesirable side effects, such as bone marrow suppression (18, 19) , inhibition of monoamine oxidases (20) , linezolid-induced neuropathy (21) and linezolid-associated toxic optic neuropathy (22) usually during prolonged courses of linezolid treatment. The mechanism of neuronal side effects has been suggested to be due to the impairment of mitochondrial protein synthesis. Furthermore, lactic acidosis and pancytopenia have also been reported in the clinic during linezolid treatment in a number of patients (23) (24) (25) . Despite these effects, linezolid is deemed to be a clinically successful antibacterial drug for treating infections due to multi-drug resistant bacterial pathogens. Overcoming these challenges and other pharmacokinetic issues continues to be a focus of pharmaceutical scientists who are exploiting the oxazoldinone pharmacophore as a basic nucleus for further drug discovery and development for the treatment of human diseases.
In this regard, the present study and other studies (1,26-28) have evaluated several structural analogs of linezolid in search of newer derivatives with improved antibacterial activity. In view of the diverse biological activities exhibited by substituted oxazolidinone derivatives, the present study evaluated the effects of selected optionally substituted oxazolidinone derivatives, namely, the 5-heptanamidomethyl-(PH-97) and 5-(1H-1,2,3-triazolylmethyl) oxazolidinone derivatives 7 ( Fig. 1 ) and linezolid 6 (10) on the growth of several cancerous human cell lines. This study aimed to determine their potential alternative use as anticancer agents, and the specificity of their antimicrobial activity.
Materials and methods
Chemicals. The chemical structures of the oxazolidinone derivatives utilized in this study are presented in (Fig. 1 ).
Linezolid and 8 previously reported oxazolidinone derivatives PH13, PH23, PH27, PH68, PH80, PH97, PH117 and PH188 were synthesized following published protocols (10, (26) (27) (28) . The compounds were purified and characterized using appropriate spectroscopic (NMR, IR MS) and analytical (CHN analysis) methods. The purified compounds were dissolved in dimethyl sulfoxide (DMSO) and stored at -20˚C until use (within two weeks). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was obtained from Promega Corporation (Madison, WI, USA). The phycoerythrin (PE) Annexin V apoptosis detection kit I was purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Cell culture. MCF7 [estrogen receptor (ER)
] and MDA231 (ER -) human breast cancer cell lines were derived from the American Type Culture Collection (Manassas, VA, USA) and routinely maintained at 37˚C in a humidified atmosphere of 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 600 mg/ml L-glutamine, 100 U/ml penicillin-100 mg/ml streptomycin and 6 ml 100x non-essential amino acids/500 ml (all purchased from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Cell motility assay. Cells were grown to ~90% confluency in 24-well plates. Guided by a ruler, a fine scratch was made with a yellow Eppendorf pipette tip through the center of the monolayer. Detached cells were removed by gentle washing with phosphate-buffered saline and fresh medium was added. The width of the scratch was recorded from photographs taken under phase-contrast light microscopy (DM IL LED; Leica Microsystems Gmbh, Wetzlar, Germany) by an attached camera (Leica DFC500; Leica Microsystems GmbH) immediately, and after 24 h, to determine the extent of migration of cells to re-fill the space. Agarose invasion assay. After melting in PBS, ultra-pure agarose (Invitrogen, Thermo Fisher Scientific Inc.) was supplemented with DMEM with 5% FBS to give a final 0.5% solution, and allowed to solidify in individual wells of 6-well dishes at room temperature. Once set, 1-3 sample chambers (3.5 mm in diameter) were created in the gel, 2.5 mm apart in a horizontal line, by insertion of a metallic mold made for the present study. Cells (4x10 4 ) were re-suspended in complete DMEM and loaded into formed chambers. Plates were incubated at 37˚C in a 5% CO 2 humidified atmosphere. After 24 h, cells that had penetrated the agarose were manually counted by visual microscopic examination (DM IL LED). Random cell invasion was determined as the total number of cells that moved in both lateral directions out of the well into the surrounding agarose (29) .
Cell proliferation assay. Approximately 200 µl MCF7 or MDA231 cells re-suspended in DMEM at 5x10 3 cells/ml were seeded in quadruplicates into 96-well plates and allowed to attach overnight. Either vehicle only (DMSO) or oxazolidinone compounds (100 nM-10 µM) were then added to the cells. Growth was assessed by an MTT assay after 4 days of incubation. Briefly, 100 µl MTT (0.5 mg/ml) was added to each well and plates incubated at 37˚C for 30 min followed by the addition of 100 µl of acidified isopropanol (Sigma-Aldrich) and vigorous re-suspension of the converted blue dye crystals. Absorbance of the suspension was measured at 595 nm using a Thermo Scientific Multiskan Spectrum plate reader (Thermo Fisher Scientific, Inc.) with background subtraction at 650 nm. The effect of the compounds was compared with the untreated control cells (taken as 100%). Each experiment was repeated a minimum of three times (with quadruplicates) with different batches of cells.
Flow cytometry. MCF7 cells were incubated in 6-well plates with PH80, PH68 and PH117 at 100 µM in triplicate for 3 days. Cell monolayers were trypsinized (Invitrogen; Thermo Fisher Scientific, Inc.), pelleted by centrifugation at 1,000 x g for 3 min and washed twice by re-suspension and centrifugation in ice-cold PBS at 1,000 x g at 3˚C and once in Annexin-V binding buffer (10 mM HEPES/NaOH, pH 7.4; 0.14 M NaCl; and 2.5 mM CaCl 2 ). The final cell pellet was re-suspended in 100 µl of Annexin-V binding buffer at 5x10 6 cells/ml and processed for FACS analysis on an FC500 flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) using the phycoerythrin (PE) Annexin V apoptosis detection kit I. Statistical analysis. Differences between the mean values of control compared with treated groups were analyzed by Student's t-test and one-way analysis of variance for multiple comparisons (different doses of the therapeutic agents) using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of oxazolidinone derivatives on the proliferation of MCF7 breast cancer cells. The effects of linezolid and 8 oxazolidinone derivatives on the growth of MCF7 cells are shown in (Fig. 2) . Linezolid and PH27 which have potent MIC values against bacteria (Table I) and PH13, which does not, showed no significant inhibition at any concentration, indicating that neither the 5-acetamido nor the 5-triazolyl substitution on the morpholino derivatives resulted in any observable antiproliferative effect. Conversely, the oxazolidinone derivatives containing piperazino-5-(1H-1,2,3-triazolyl) methyl (PH68, PH80 and PH117) and the morpholino-5-heptanoyl) methyl (PH97) groups, which have potent antibacterial activity, showed significant dose-dependent activity towards MCF7 cells. At 100 µM they caused 50-60% inhibition of cell proliferation. However, the morpholino-(5-heptanoyl) methyl derivative, PH97, exhibited a biphasic effect, causing growth stimulation at 1 µM and inhibition at 50-100 µM. The piperazino-5-hydroxamic acid derivative, PH23, which has poor antibacterial activity actually stimulated growth significantly at 10-100 µM. The N-(furan-2-carboxamide) glycinyl piperazinyl-5-(1H-1,2,3-triazol-1-yl)methyl) oxazolidinone derivative, PH188, also stimulated growth but only significantly at the lower concentrations of 10 nM-1µM.
Effect of PH68, PH80 and PH117 on proliferation of breast cancer cells. Based on the initial observations with MCF7 cells, the piperazino-5 (1H-1,2,3-triazolyl) methyl derivatives containing N-(2-chlorocinnamoyl) (PH68), N-(4-nitrobenzoyl)
(PH80) and N-(methylsulfonyl) (PH117) groups were selected for further assessment. These were tested for their effect on the growth of a more aggressive breast cancer cell line, MDA231. The results (Fig. 3) were similar for the two cell lines and consistent with their previously observed effect on MCF7 cells. The most potent compound was the N-piperazinyl-(2-chlorocinnamoyl) derivative PH68 with marked inhibition from 10 µM and reaching 80% inhibition at 100 µM, with the others being less effective (Fig. 3) . PH117 exhibited ~50% inhibition from 50 µM and PH80 at 100 µM. However, all the three compounds showed pronounced (150%) stimulation of growth at lower concentrations of 100 nM. The same phenomenon was observed in MCF7 cells but the magnitude of the effect was insufficient to be of statistical significance.
Assessment of cytotoxicity.
Flow cytometry was used to determine the extent of apoptosis induced by PH68, PH80 and PH117 (Fig. 4) . Neither PH68 nor PH117 affected the viability of MCF7 cells, whilst PH80 induced a significant reduction of the viable population of cells by 36%, and a 69% increase in apoptosis.
Cell motility. The wound closure assay (30) was used to determine the effects of PH68, PH117 and PH80 on the motility of MDA231 cells. At concentrations of 50 and 100 µM, PH68 and PH80 inhibited wound closure by ~50% as compared with cells treated with vehicle alone (DMSO). Conversely, at a concentration of 100 nM, they actually stimulated cell motility and closed the wound to a significantly greater extent than observed for control vehicle treated cells (Fig. 5) . In the case of cells treated with PH117 at either a low or high dose, there was no significant difference from vehicle treatment.
Cell invasion assay. The invasion assay described previously (29) was used to determine the effect of PH68, PH80 and PH117 on the ability of MDA231 cells to penetrate agarose gel. As shown in (Fig. 6) , at high doses (PH68 50 µM; PH117 50 µM; PH80 100 µM) all three drugs produced significant inhibition of invasion by ~50%. At low doses (100 nM), only PH68 exhibited significant inhibition of invasion.
Discussion
Antibiotics active solely against prokaryotic organisms have become indispensable to human health. Moreover, onset of bacterial resistance to these drugs continues to pose a serious threat that has led to extensive efforts to overcome this by developing novel potent agents. Linezolid is an antibiotic that belongs to the oxazolidinone class of compounds, which are often the last resort when other antibiotic therapies have failed. The great success of antibiotics has been due to the fact that their mode of action specifically targets the characteristics that distinguish prokaryotic from eukaryotic mechanisms, preventing unwanted side effects. It is important that novel agents do not exhibit any effects on eukaryotic cells. Certain oxazolidinones have been shown not only to exhibit antimicrobial properties but also to affect human cells. It is therefore essential to distinguish these agents to prevent potential adverse effects. At the same time, their dual action could be put to good use. Several studies (1-4) have suggested that application of oxazolidinones may provide significant therapeutic benefits in cases of HIV, cancer and epilepsy. In this study, linezolid and eight other oxazolidinone derivatives bearing 5-hydroxamate-, 5-heptanoyl-and 5-(1H-1,2,3-triazolyl)-methyl moieties were initially screened for possible inhibitory effects on eukaryotic cells. The ER + MCF7 breast cancer line is well studied, and is an example of a commonly used eukaryotic cell line, for the initial evaluation. Significant differences were observed between these compounds which had no direct correlation with their antibacterial activity. The prototype compound linezolid, and its 5-(1H-1,2,3-triazolyl) methyl derivatives PH27 and PH13 had no significant effect on MCF7 cell proliferation and were not investigated further. These are considered to be safe antibacterial agents. Mixed effects were observed with the remaining 6 compounds. The compounds PH23 and PH188 appear to be unsuitable as anti-microbial agents given their MIC values (>95 and 24 respectively) in a range where they actually stimulate eukaryotic cell growth. This would be particularly problematic if administered to cancer patients. The precise mechanism for the stimulation is not clear at this time. By contrast, PH68, PH117 and PH80 all exhibited dose-dependent inhibition of MCF7, MDA231 and HBL100 proliferation, which may equally compromise their anti-bacterial use. However, in another context, these compounds may be of use as anticancer agents instead. Notably, however, they display the phenomenon of 'hormesis', a term widely used by toxicologists to describe a biphasic dose response to a drug, with stimulatory effects at low dose and inhibition at higher doses; thought to be an adaptive compensatory response to initial disruption of cellular homeostasis (31, 32) . At low doses a drug could block an endogenous inhibitory factor, resulting in stimulation, before it starts to exert its own inhibitory effect on other pathways at higher concentration. Furthermore, to distinguish between their cytostatic and potential cytotoxic activity, MCF7 cells treated with these 3 compounds were analyzed for evidence of apoptosis by flow cytometry using Annexin/7-AAD labeling. The results indicated that only the N-piperazino-4-nitrobenzoyl-5 (1H-1,2,3-triazolyl) methyl derivative PH80 induced cell death. It is notable that this compound has a terminal nitro-group, which may be responsible for the cytotoxicity. Nitro groups attached to aromatic rings may be metabolically converted to potentially lethal reactive intermediates. This type of conversion (by the P450 enzymes) has been reported for the nitro-imidazole group in the antibiotic nitrofurantoin, and has been suggested to be responsible for its anticancer effects (33) .
Much of the difficulty in the treatment of solid cancers is in the control of disseminated disease, and thus preventing its spread would greatly enhance treatment. In this regard, the ability of these drugs to block tumor cell motility and invasion was determined. Of the three compounds that effectively reduced proliferation, only PH68 and PH80 (at 50 and 100 µM, respectively) significantly retarded cell movement. Notably, at a lower dose of 100 nM, PH68 and PH80 actually stimulated cell migration, paralleling the phenomenon observed with proliferation (although in that case it was not identified to be significant). With respect to invasion of MDA231 cells, all three compounds had an inhibitory effect at the higher doses, with only PH68 also exhibiting the same effect at the lower dose. As these are complex processes involving multiple pathways, it is quite likely that the oxazolidinone derivatives may have selective as well as common cellular targets, accounting for the differences. Further studies are on-going in our laboratories on these compounds.
The observations suggest that linezolid, PH13, PH23 and PH27 lack anticancer activity against breast cancer cell lines and are suitable as antibacterial agents from that perspective. However, the triazolyl derivatives PH68, PH80 and PH117 exhibit activity against breast cancer cells and also inhibited cancer cell motility and invasion. Therefore these three compounds merit further investigation as potential anticancer agents particular as they affect several stages of cancer progression. Due to the limited number of compounds investigated in this study it was not possible to establish a meaningful structure-activity relationship for this class of compounds.
